Multi-energy radiography is a new direction in non-destructive testing. Its specific feature is separate detection of penetrating radiation in several energy channels. Multi-energy radiography allows quantitative determination of the atomic composition of objects. This is its principal advantage over conventional radiography. In particular, dual-energy radiography allows determination of the effective atomic number of a material with an accuracy of up to 80-90%. Development of three-energy radiography and radiography of higher multiplicity makes it possible to further improve the reconstruction of an object's chemical composition. This presents the possibility, for example, of detection of explosives and other illegal objects in luggage with a reliability approaching 95-98%. These developments can find application not only in anti-terrorist activities, but also in industrial testing and nuclear medicine.
INTRODUCTION
Among the recent technological novelties of the 21st century, one should note the revolutionary replacement of conventional film radiography by digital technologies. In digital radiography, the test object is inspected by X-ray or gamma-radiation, and the object image is reconstructed in digital form in near real time, using linear and/or planar solidstate scintillation detectors. These technological changes have dramatically influenced the methods used for recording, storing and processing useful information. An important case in point is the new multi-energy approach presented in this paper. The two-energy version was first used in medical studies, see [1] [2] [3] , etc. An object (i.e., a material item or a patient) is irradiated, and the radiation that passes through the object is recorded separately at several characteristic discrete energies and/or in several separated energy ranges. Two-energy (dual-energy) radiography is the simplest variant of multi-energy radiography. However, its practical realization presents a rather complex technical problem. In this paper, we consider the general principles of multi-energy radiography, as well as its application to anti-terrorist activities. The multi-energy approach allows one to improve the inspection efficiency by an order of magnitude in contrast to single energy methods. This improvement is related to the ability to reconstruct the atomic structure of materials. In conventional radiography methods, it is only the spatial characteristics of the inspected objects that can be reconstructed.
THEORY
Let us first consider the unique feature of two-energy radiography. Detectors in such systems record the transmitted (attenuated) ionizing radiation not in just one, but in two separate ranges of the energy spectrum. Fig. 1-2 detector design and the choice of radiation sources. In a classical design 4 with X-ray tubes, metal filters are used. In new developments, the role of a filter may be played by a low-energy detector array (e.g., based on zinc selenide).
The better the separation of the energy ranges is, the higher is the inspection efficiency and the quality of the object reconstruction. An ideal choice would be the use of monochromatic X-ray sources. However, industrial development of such sources (e.g., X-ray lasers) is only at its preliminary stages. Practically-available X-ray tubes yield continuous radiation spectra. With such a distributed spectral source, energy separation is achieved by selecting the most efficient scintillators for detection of radiation in different spectral ranges, as well as by design optimization of the detectors and their arrays. From multi-energy imaging data, the physical parameters of the object and the technical parameters under control are reconstructed with the help of special algorithms. To reconstruct the material structure, we have developed a new physical model and appropriate algorithms for solution of the corresponding inverse problems. A detailed theoretical analysis was described in our previous papers [5] [6] . Fig. 1 . Comparative scheme of ordinary and multi-energy radiography. The studied object in both cases is inspected by penetrating radiation (X-ray or gamma quanta). However, in multi-energy radiography, the radiation that passes through the object is separately recorded not in just one, but in several output channels. A set of digitized radiographic reflexes (a multi-component vector image) allows, after transformation according to the chosen radiography algorithm, reconstruction of information on the physical structure of the material, with separation of spatial images of specific parts of the object having different characteristics of absorption.
Our approach is marked by a peculiar feature. For the most accurate reconstruction of material structure, we require not only good energy separation (as in other multi-energy methods); we also require that the energy mixing spans multiple absorption channels representing the different fundamental processes of radiation scattering: i.e., the photo and Compton effects (at 80-200 keV), or pair production and Compton effects (at 2-8 MeV). The competition between the channels does not degrade inspection efficiency, but, on the contrary, enhances it. Thus, the absorption channels should be mixed, while the recording channels should be separated. This requires a subtle matching of the detection system and the characteristic radiation energies. Our theoretical and experimental studies in this direction indicate a possibility of determining the atomic composition of inspected materials with an accuracy of up to 80-90%.
RESULTS
In standard dual-energy custom inspection systems such as those produced with the participation of the Institute of Single Crystals (refer to Fig. 3 ), we have achieved good distinction between substances with similar density but The conventional scheme consists of obtaining a best fit from the combination of basic atomic mass characteristics: L for "light", M for "middle" and H for "heavy" atomic mass. "Black-and-white" synthesis corresponds to the results obtainable from two-energy radiography; the "three-color" scheme (R -red, G -green, and Bblue) corresponds to 3-radiography, etc. Our method (analysis) provides the basis for the unambiguous reconstruction of Z eff . Fig. 3 . With the scintillator-photodiode receiving circuit, we used a 16-channel photodiode (FD-321 produced by CCB "Ritm" and the Institute of Microdevices (Ukraine)) using a step size of 1.65mm, and a total of 128 channels. We also used a 32-channel photodiode (PD) of the same producer, with a step size of 0.8mm, and a total of 256 channels. The scintillators used were CsI(Tl), CdWO4 and ZnSe(Te) crystals produced by the Institute of Single Crystals (Ukraine).
Accounting for the trend in modern digital radiography toward use of two-energy detector arrays, the combination of detector crystals based on ZnSe(Te) and CsI(Tl)/CWO represents a significant advance. ZnSe is the same as that of copper, which is commonly used as a filter in high-energy arrays. Therefore, if a detector with ZnSe(Te) is used, it also can serve as a filter when placed before the high-energy array. In so doing, one can simplify the design and improve the technical characteristics of the detecting circuit as a whole. A unique combination of properties that characterize the ZnSe-based scintillator (high light output, fast response, radiation stability, rather low effective atomic number together with sufficiently high density) makes this material the best among known scintillators for the low-energy detector. The combination of ZnSe(Te)/CsI(Tl) crystals in the two-energy detector array has substantially improved the sensitivity of the equipment designed for detection of organic inclusions. Fig. 4 . Snapshot of inspected object and its X-ray shadow image views. Included are the real image and separate images showing distinction of organic and non-organic components (see from top to down). On the second from the bottom picture, the hammer head (iron) is excluded from the image, its contour is an error of the image reconstruction program due to parasitic scattering of X-ray radiation at the edges of solid objects made of materials with high Zeff. Wood (the handle of the hammer) is distinguished on the original computer color images of the object. After transformation of images to black and white, this distinction became barely noticeable.
Let us briefly consider the reasons why the use of ZnSe scintillators in low-energy detectors for two-energy radiography leads to substantial improvement in quality and accuracy of monitoring. In Table 1 , comparative characteristics are presented for three promising scintillators used in multi-energy radiography. Analysis of these data shows that ZnSe(Te) scintillators should be preferable for detection in the low-energy spectral region; CsI(Tl) -in the region of medium energies; and scintillators such as CWO (Cadmium Tungstate, CdWO 4 ) -for high energies. Heavy oxide scintillators (CWO or BGO (Bismuth Germanate, Bi 4 Ge 3 0 12 )), with their high atomic numbers, will be used in future for three-energy radiography. To increase the contrast sensitivity of dual-energy radiography and ensure the clear discrimination of images related to organic and inorganic components of the object, the detection energies (channels) should be separated as clearly as possible. This means that in the two-energy assembly, the low-energy detector (LED) should attenuate (while detecting) the low-energy part of the X-ray radiation spectrum used for inspecting the object. Similar properties are expected from the high-energy detector (HED) for the remaining high-energy part of the spectrum. To ensure this, high-energy radiation should freely pass through the LED without substantial attenuation. In a good radiographic installation, two apparently contradictory conditions should be met: 1) there should be maximum attenuation in the LED of the low-energy radiation passing through the object -it should not reach the HED; 2) there should be maximum transmission of the high-energy radiation through the LED and other parts of the receiving-detecting circuit -it should be attenuated only in the HED. The use of metal filters allows one to solve only the first of these problems. For the second problem, filters are of no use and are even disadvantageous, because some of high-energy gamma-quanta are absorbed by the filter. There exists another efficient way -to use the low-energy scintillator itself as a filter for energy separation. Such a scintillator should possess the following unique properties -high light output and small radiation length with respect to low-energy photons, as well as good transparency for high-energy photons, i.e., low effective atomic number. Our theoretical and practical studies have shown that the most suitable material for those purposes is zinc selenide and semiconductor compounds based on it. Fig. 5 shows measurement data indicating the sensitivity (response) of different detection systems to X-ray radiation of different energies. In the low-energy range, ZnSe has an even higher light output than the well-known crystal CsI(Tl), being slightly inferior in this respect at higher energies. In the low-energy range, ZnSe has an even higher light output than the well-known crystal CsI(Tl), being slightly inferior in this respect at higher energies. Plot 4 shows the sensitivity of an assembly made on the basis of two CsI(Tl) scintillators having different thicknesses (the LED crystal is about four times thinner than the HED one). Scintillator thickness was optimized to ensure full absorption of a selected part of the energy spectrum, i.e., the low-or high-energy component.
In this work, we concentrated on the development of multi-energy radiography for anti-terrorist activities. However, possible MER applications in medicine should also be noted. Advanced medical methods for the distinction between osseous and soft tissues are based on distinction between their effective atomic numbers. The two-energy approach is known to provide, in comparison with conventional radiography, substantially higher contrast sensitivity in separation of radiographic images of osseous and soft tissues, see [1] [2] [3] etc. Two-energy radiography obtains distinction of the object images by their effective atomic number and not by their radiographic density. This ensures accuracy that is an order of magnitude higher compared with ordinary radiography, the contrast sensitivity of which is often not sufficient for distinction between superimposed hard and soft tissues. Further, multi-energy methods may be capable of discriminating between different types of non-osseous tissue.
This quality improvement of medical diagnostics is directly related to the accuracy of radiographic determination of the effective atomic number and density of different tissues and organs. Our developments are aimed at distinction between materials with effective atomic numbers differing by unities and tenths of unity, such objects being of relevance for modern radiology. Examples are the quantitative determination of calcium depletion in bones due to osteoporosis or the diagnostic analysis of plaques. Hard plaques, related to calcium sedimentation on blood vessel walls, can be detected by modern methods, including computer tomography. Identification of soft plaques, with their chemical composition being close to that of blood, has been practically impossible. Development of our new methods for direct quantitative reconstruction of the variable profile of Z eff and density in such biological objects (e.g., in blood clots) can be of substantial importance. 
DETECTION OF EXPLOSIVES AND ILLEGAL OBJECTS
With our standard 2-energy customs inspection instruments 7 (series Polyscan-4, 5, and 6), we have no possibility to distinguish between substances with close atomic numbers. However, with our experimental instruments, which use a new -unique and exclusive -scintillator based on ZnSe(Te) having very high sensitivity for low energy and simultaneously sufficient transparency for high energy X-rays, we can distinguish between substances with close atomic numbers (see Figs. 6-7): soap (Z eff =5.9-6.5) or wood (Z eff =6.5-7.3) and an explosives (Z eff =7.0-7.7). As it is also shown in Fig. 7 we can see also sufficient spatial resolution for details of illegal objects. This result will be, in our opinion, of a great importance for future application in security systems. Fig. 6 . Identification of different substances using the dual-energy method. The organic materials shown (soap and explosive) differ in their effective atomic number by not more than 10-15%. To compare the MER contrast sensitivity for different materials, in the righthand side of the image is presented a piece of inorganic aluminum, the effective atomic number of which is nearly two times higher than that of the organic objects. The accuracy of determination of the atomic number described in our work is obtained in the approximation of monochromatic radiation. In real devices, X-ray tubes with broad continuous spectra are used. Thus, detectors are Salt Sugar Flour required that are selective for energies in specified energy spectrum ranges, which increases the cost of the equipment. An optimum balance between price and quality is yet to be found.
For detection of very small quantities of dangerous inclusions, high detector sensitivity is required, which requires a larger detector volume. At the same time, the requirement of high spatial resolution requires small output apertures. This is needed to exclude the effects of scattered radiation (the contribution of scattering is especially large for inclusions with high Z eff ). Again -a reasonable compromise is needed.
Our analysis has shown that multi-energy radiography can be used for determination of concentrations of simple elements in complex substances. It is essential that the number of components correspond to the degree of energy multiplicity. For monitoring of two-component systems, dual radiography (two-energy radiography) is sufficient. Explosives are generally characterized by elevated content of nitrogen and oxygen. For a more precise identification of an organic compound, three elements should be determined (carbon, nitrogen, oxygen) or all four (hydrogen, carbon, nitrogen, oxygen). Such problems of quantitative diagnostics should be dealt with through technical development of, respectively, 3-energy and 4-energy radiography.
CONCLUSIONS
In this work, we have shown theoretically and confirmed experimentally that it is possible, within the framework of twoenergy radiography, to separate substances with a rather small (10-20%) difference in effective atomic numbers. This capability is immediately applicable to security inspection equipment (i.e., for airports, customs services, etc.), as well as to medical diagnostics and non-destructive testing. The practical results described in this work have been achieved largely by using an original scintillator based on ZnSe(Te) in the low-energy detection circuit. This scintillator is highly efficient in the low-energy range (30-60 keV) and has low sensitivity in the high-energy range (above 100 keV). In general, these results indicate a promising new direction in research and application of radiographic spectroscopy of materials. In multi-energy radiography, it becomes possible to distinguish separate components of otherwise physically non-separable composite and multilayer objects. It can be used in inspection systems, including anti-terrorist activities, industrial diagnostics, new nanotechnologies, and medicine.
